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EXPERIMENTAL STRESS ANALYSIS OF REFRIGERANT COMPRESSOR VALVES 
R. Stephen Lang, Mechanical Engineer, Research Division, 
Carrier Corporation, Syracuse, New York 
INTRODUCTION 
For the last several years, the Research Division 
of Carrier Corporation has conducted experimental 
stress a.nalyses on valves of refrigerant compressors 
manufactured by the Carlyle division of Carrier and 
used by various carrier Air Conditioning divisions. 
The valves are of the self-actuating, or "flapper" 
tyPe, as are often used in hermetic compressors. 
The individual valves analyzed differ in geometry. 
Valve loading is due to dynamic gas pressures dis-
tributed over part of the surface of the valves, and 
results in a valve displacement which in some valve 
designs is limited by ears on the valves and stops 
in the cylinder wall, for the case of suction valvEE, 
and by contoured stops attached to the valve plate 
in the case of discharge valves. 
Ideally, the result of the experimental analysis 
woQld be the complete determination of the state of 
stress, at a failure initiation site on the surface 
of the valve, during compressor operation. Figure 
No. 1 shows the valve configuration to be discussed 
in this paper, with the approximate location of the 
experimental test site indicated by the small square. 
The stresses acting on an infinitesimal volume of 
material at this point are represented in Figure 
No. 2. Unit thickness is assumed in the direction 
perpendicular to the plane of the paper. a and a 
X y 
are the normal stresses acting on the volume along 
the x and y co-ordinates, and T is the shear xy 
stress. The normal stress in the z direction and 
the shear stress acting on planes perpendicular to 
the z axis are assumed to be zero, giving plane 
stress for equilibrium conditions. Due to the arbi-
trary selection of the directions of the x and y 
axes, there is no reason to believe that a and a 
X y 
represent the maximum ( o ) and minimum (a ) normal 
1 2 
stresses acting on the infinitesimal element. The 
relationship between o , o , o , o and T can be x y 1 2 xy 
represented graphically using Mohr's Circle of 
Stress, shown in Figure No. 3, which completely 
defines the state of stress on the element. o and 
1 
o are the principal stresses, and the angle of 29 
2 
is twice the angle between the Planes upon which ox 
and a act in the valve. 
l 
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FIGURE 2: STRESSES ACTING ON AN 
INFINITESIMAL ELEMENT 
FIGURE 3= MOHR'S CIRCLE OF STRESS 
Photoelastic studies have been used in conjunction 
with strain gaging in the experimental determina-
tion of rr , rr , and 9. The photoelastic work was 
J_ 2 
performed on a static model of the compressor valve. 
The strain gages, on the other hand, were applied 
to actual compressor valves for measurement in 
fatigQe test machines and during actual compressor 
operation. To date, the experimental results have 
been ·Qsed primarily for comparative evaluation of 
valve design and performance, A means of correl-
ating compressor operation strain gage data with 
the photoelastic studies, in order to determine the 
state of stress in the valve under operating condi-
tions, has been proposed, but requires further 
development, 
To illustrate the experimental technique employed, 
and the analysis required, a typical single-spoke 
suction valve has been chosen for discussion. 
COMPRESSOR HARDWARE 
Figure Ko. l is a diagram of a suction valve ana-
lyzed in this study. It is made of 1095 plain 
carbon steel and is surface finished to remove burrs 
and increase the fatigue strength. Nominally, it is 
ten thoQsandths of an inch thick. The valve is 
attached to the piston side of the valve plate as 
shown in Figure No. 4. Inlet gas pressure about the 
rim of the valve causes deflection, primarily about 
the "x" axis, until the valve ears, on the "y" axis, 
as seen in Figure No. 1, come in contact with the 
stops in the compressor crankcase. It is this type 
of loading that is simulated in the detailed photo-
elastic studies and the fatigue test machine. 
Although it is true that maximum gas pressures 
result in the contact of all four ears with the 
valve stop, preliminary photoelastic studies have 
shown that a general re-distribution of stresses is 
caused by the four-point loading, and that the max-
imQro state of stress in the valve is reduced during 
the re-distribution. 
VALVE PLATE 
VALVE STOP CRANKCASE 
FIGURE 4= VALVE INSTALLATION 
IN A COMPRESSOR 
Photoelastic studies were made of a 4x scale model 
of the valve using a mild steel base, and a sheet 
birefringent plastic. A reflection polariscope, 
complete with camera attachment, was used to conduct 
the studies. Figure No. 5 shows the experimental 
set-up. Two wooden blocks support the model at the 
ears which first come in contact with the valve 
stop in the compressor. Deflection in the model is 
induced by the nut, bolt, and washer assembly at 
the center spoke, and is monitored by a dial indi-
cator (not shown) on the washer. 
MODEL: 4X SCALE 
BASE: MILD STEEL 
BIREFRINGENT: 
tp = 0.079" 
tm=0.050" K = 0.155" 
FIGURE 5 EXPERIMENTAL SET-UP 
Photoelastic patterns may be either photographed, 
or traced on the surface of the model with grease 
pencil and later transferred to tracing paper. 
Figure No. 6 is a map of isochromatics, or lines of 
cnnstant difference between principal stresses 
272 
(rr - rr ), or strains (e - £ ), and also lines of 
l 2 l 2 
constant shear stress (~) or shear strain (~). The 
isochromatics are numbered with positive numbers 
ranging from zero to 3.22 for the pattern shown, 
These numbers, called fringe orders (N ), in 
n 
ascending magnitude represent increasing values of 
difference between principal stress, or principal 
strain, which may be calculated by the following 
formulas1 : 









Eq. No. 2 
wave length of light at tint of pas-
sage = 22.7 x 10-6 in. 
fringe order 
thickness of plastic (0.079 in.) 
strain optical sensitivity of plastic 
(0.155) 
reinforcement correction factor for 
the model (2.53 assumed 1 ) 
Young's Modulus for the valve 
material = 30 x 10- 6 
Poisson's ratio for the valve mater 
ial = 0.3 
~strument Manual for the PnotoStress Large 
Field Meter Polariscope 
SINGLE PLASTIC FACE MODEL 
MILD STEEL BASE 
0.050 = tm 
0.079 = tp 
0.155 = K 
0.138 CENTER DEPRESSION 
APPROXIMATE FRACTURE 
SURFACE PROJECTION 
FIGURE 6' PHOTOELASTIC MODEL OF SUCTION 
VALVE SHOWING ISOCHROMATIC LINES 
Since the model deflection for the isochromatic pat-tern shown in Figure No. 6 does not necessarily 
represent the deflection of the valve under compres-sor operation, a plot of fringe order vs. deflection 
at Point A (See Figure No. 6) on the model was made 
for later correlation with strain gage readings. 
The plot is shown in Figure No. 7. (The measured 
curve does not go through zero because of residual stresses in the photoelastic model.) Furthermore, 
since the maximum fringe order represents the maxi-
mum difference in principal stress only, there is no 
g~arantee that it represents the location of maxi-
mum tensile stress in the valve. The principal 
stresses for the conditions of Figure No. 6 were, 
therefore, separated using the "shear difference 
method" 2 along the axis shown in Figure No. 8. 
Since the fringe order, a and a , all appear to 
~ 2 
have their maximum absolute value at the same point 
on the valve, there is increased confidence that the 
maximum fringe order does indeed locate the maximum 
state of stress. Inspection of the valve shows that 
the maximum fringe order occurs in the region of 
minimum radius of curvature of the valve, which 
further substantiates the assumption, since in the case of pure flexure, stress is inversely propor-
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DEFLECTION OF VALVE MODEL-INCHES 
FIGURE 7• FRINGE ORDER vs.DEFLECTION 

















6-MAX. PRINCIPAL STRESS- O"j 
0-MIN. PRINCIPAL STRESS- tr
2 
FIGURE 8= PRINCIPAL STRESSES vs.POSITION 
ALONG ''p" AXIS C = 2.53 
Figure No. 9 shows the isoclinic photoelastic pat-
tern and the stress trajectories occurring in the 
valve. Isoclinics are loci along which the direc-
tion of principal stress are constant, and are used 
to generate the stress trajectories, which are linffi 
parallel or normal to the principal stress direc-
tions. The stress trajectories are used for proper 
strain gage alignment at the point of maximum 
stress. 
--
2 Hetenyi, Handbook of Experimental Stress Analy-sis, J. W~Iey and Sons, Pg. 88o 
SOLID Ll NES = 0'"1 





FIGURE 9• PHOTOELASTIC MODEL OF 
SUCTION VALVE SHOWING ISOCLfNICS 
AND STRESS TRAJECTORIES 
STRAIN GAGES 
Strain gages have been applied to actual compressor 
valves for strain measurement in operating compres-
sors and in fatigue test machines. The fatigue 
machines are designed to simulate valve actuation 
in the compressor, while eliminating adverse dynam-
ic and environmental effects. They also provide 
for control of valve displacement. Figure No. 10 
shows the method of loading of the valve in the 
fatigue test machine. As in the photoelastic model, 
the valve is supported at the ears which normally 
first come·in contact with the valve stops, and the 
deflection is applied at the point of normal attach-
ment to the valve plate. 
Normally, the fatigue test machine is used with un-
gaged valves in reliability studies. The use of 
the machine with strain gaged valves, however, 
allows for a relative stress comparison between 
valve configurations under simulated compressor 
operation,and the generation of strain vs. deflec-
tion curves. Such a curve, as shown in Figure No. 
11, provides for possible correlation between the 
strain gage and photoelastic experiments. 
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MOUNTING PLATE 
OF FATIGUE TEST MACHINE 
Ut 
'o 
FIGURE 10• VALVE LOADING 













:& .040 .080 .120 .160 
DEFLECTION OF VALVE (8) INCHES 
FIGURE II: STRAIN vs. STROKE SUCTION 
VALVE-FATIGUE TEST MACHINE DATA 
Generally, the same type of gage installation is 
used for either the fatigue test machine or the 
compressor. For compressor operation, however, 
although the temperature range (room to 250°F max-
imum) and atmosphere (R-22) to which the strain 
gage is subjected are not severe, the strain rate 
and compressor gas velocity are. Extreme care must 
be taken in the strain gage installation for com-
pressor use to prevent damage by the high velocity 
gases. The center of the gage grid is positioned 
over the point of maximum fringe order as shown in 
Figure No. 6, and the axis of sensitivity of the 
gage is aligned with the stress trajectories cor-
responding to a , as shown in Figure No. 9. (We 
actually desire2 to measure cr . The gage has been 
l 
placed on the compressive side of the valve, in the 
direction of cr . It is assumed that the magnitude 
2 
and direction of cr on the compressive side are 
2 
equal to the magni tll.de and direction of cr on the 
1 tensile side of the valve.) 
The strain gages used are general purpose gages 
bonded to the valves with suitable cement, and pro-tected with silicone phenolic resin gage coat and a two-component, rubber-like epoxy resin. Strain gage output is measured with an oscilloscope with a 
special plug-in unit designed for strain gage appli-cation. Oscilloscopes are generally recommended for this type of measurement due to requirements for high frequency response during dynamic operating conditions. 
The primary intent in strain gaging valves is the measuremer.t of operating strains in a compressor. 
Figure No. 12 shows a valve plate containing two 
suction valves, one of which is strain gaged (see also Figure No.4). 
FIGURE 12 STRAIN GAGED SUCTION VALVE 
MOUNTED ON VALVE PLATE 
Figure No. 13 shows the results of such an installa-tion. For this case, the strain gage has apparently been subjected to a peak to peak alternating strain level of 3000 x 10-e in./in. in the direction of the minimum principal strain. The slight positive ex-cursion of +200 x 10-6 in./in. indicates that the 
valve deflected a bit into the intake port during 
the discharge stroke of the compressor. These fig-ures should be adjusted to take into account the averaging effect of the strain gage, as shown in Figure No. B. The strain gage position is plotted 
along the p axis. For the cr curve, a mean stress 
2 
of approximately -20,500 psi is read for this inter-val, while the peak stress is -22,000 psi. The correction factor for the strain gage readings would be in the ratio of -22,000 
. -20,500 
Other useful information that can be obtained from 
Figure No. 13 includes the frequency of operation of the valve, the portion of the valve cycle that the valve remains open, and the number of flutters 
of the valve per cycle. 
275 
MAX =-2800 fl.6 
l• COMP. 
MIN =+ 200f1-E 
FIGURE 13 SUCTION VALVE STRAIN TRACE 
IN AN OPERATING COMPRESSOR 
AT 200 PSIG DISCHARGE AND 
80 PSIG SUCTION PRESSURE. 
IOOOJlE PER CENTIMETER ON Y 
AND .005 SEC. PER CENTIMETER 
ON X. 
COMBINED RESULTS 
If the photoelastic model and the fatigue test 
machine adequately simulate compressor operation, the strain gage and photoelastic results can be 
combined to predict the maximum state of stress in the valve. For example, after reading the corrected peak alternating strain (e ) in the valve during 
2 
compressor operation, the corresponding valve deflec-tion (6) can be found from Figure No. 11. This 
deflection allows for the determination of the 
fringe value (N ) from Figure No. 7 and, therefore, the calculationnof the difference between principal 
strains (e - e ) from Equation No. 1. This pro-1 2 
cedure gives unique values for e and e . 
1 2 
The principal stresses may be calculated from the principal strains by way of eguations of strength of materials assuming linear elasticity and plane 
stress: 
E 
( € + ~€ ) Eq. No. 3 cr l (1 ~2) l 2 
E 
(~€ + € ) Eq. No. 4 cr 
~ 
2 (1 ~2) l 2 
Mohr's Circle may be plotted, if desired, using the values of cr , cr , and 8 which may be obtained from l 2 
Figure No. 9. 
Once cr and cr have been determined, they may be l 2 
used in conjunction with various failure theories to predict the performance of the valve. If it is desired to use a cumulative fatigue damage relation-ship, the above procedure could be applied to part or all of the strain peaks for a given cycle as seen in Figure No. 13. 
DISCUSSION 
The strain trace for the valve during compressor 
operation (Figure No. 13) indicates the complexity of the problem under dynamic conditions. The 
static photoelastic model is not presently adequate 
to handle such possibilities as complex reversed 
bending in the area of the valve ears and the spoke 
during maximum dynamic loading conditions, and the 
excitation of harmonic valve frequencies that may 
be responsible for such loadings. As a result, 
present techniques a~e suitable for the determina-
tion of the maximum principal stress occurring in 
the valve, which is useful for making a relative 
comparison between valves for various geometries or 
loading conditions. To achieve the more complete 
results using the procedure suggested in the pre-
ceding section, a refinement of the techniques pres-
ently used is called for, and presents an important 
topic for future work at Carrier. One of the possi-
ble refinements would be to use the photoelastic 
patterns for the location and alignment of a second 
strain gage for the direct measurement of both prin-
cipal strains during compressor operation. 
It is of significance to note that the fatigue test 
machine can reproduce almost exactly the failures 
occurring in the compressor, and that the fracture 
surface generated by the fatigue machine (plotted in 
Figure No. 6) passes quite close to the location of 
th~ maximum fringe order. This point varies with 
respect to locations of stress concentrations in 
individual valves. 
SUMMARY 
Due to the nature and precision of the experimental 
techniques, strain and stress measurements have not 
been used on an absolute basis, Instead, they have 
been used qualitatively to compare valve designs to 
those valves whose acceptability have been determined 
from experience. Photoelastic studies have been 
used, for the most part, in the location and align-
ment of strain gages. They also give insight to the 
strain gradients occurring in valves, which are 
desired to be kept at a minimum. The major use of 
strain gages has been to provide a qualitative com-
parison between valves under compressor operating 
conditions. 
Further refinement of experimental techniques is 
required if strain gage results are to be correl-
ated quantitatively with the phot0elastic studies, 
or if the maximum state of stress in the valve is to 
be determined quantitatively with strain gages. 
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